This study determined the reliability and validity of a branching treadmill protocol in predicting V O 2 max. Thirtyseven, apparently healthy individuals (19 women and 18 men); volunteered to participate. On 2 separate testing days, each subject underwent maximal exercise testing using the protocol developed. Stepwise regression analysis indicated that the percentage of age-predicted maximum heart rate (APMHR) achieved at stage 3, speed and grade at stage 3, and APMHR accounted for 89% of the variance in V O 2 max. The 4 predictor variables were statistically significant (p Ͻ 0.01), and the standard error of the estimate was 4.56 ml·kg Ϫ1 ·min Ϫ1 . Results indicate that health and fitness professionals can incorporate this protocol into their practices for the purpose of predicting V O 2 max for their clients outside the laboratory environment. Furthermore, our results indicate that using the proposed regression model is reliable and has received preliminary construct validity support. 
Introduction

M
aximal oxygen consumption (V O 2 max) is the criterion measure of cardiorespiratory fitness and an objective measure of an individual's physical work capacity (11, 16, 21) . Direct measurement of V O 2 max is costly and technical, depends on a motivated subject to exercise to exhaustion, and requires trained personnel and expensive laboratory equipment (3, 17, 25, 26) . As a result of these concerns, many indirect submaximal methods for estimating V O 2 max have been developed. Two of the most commonly used submaximal exercise tests use the cycle ergometer as the testing mode (1, 9) . However, the U.S. population is not as adept at cycling as walking, since cycling is not an activity performed on a daily basis (18) . Of 1,400 U.S. exercise testing facilities surveyed, 71% used treadmills for testing, whereas only 17% used cycle ergometers (23) . Thus, a need exists for a submaximal treadmill exercise test that would provide reasonably accurate estimates of V O 2 max yet is simple and inexpensive to perform. The treadmill protocols of Hermiston and Faulkner (12) and Metz and Alexander (15) require measures of expired gas samples for estimating V O 2 max that limits their use in nonlaboratory settings. Other submaximal treadmill protocols (14, 20) have a standard error of the estimate (SEE) of 6.30 ml·kg Ϫ1 ·min Ϫ1 , which is relatively high compared with other studies (2, 4, 12, 15, 24) .
The submaximal treadmill test of Town and Golding (24) uses a 3-stage branching protocol and a regression equation to estimate V O 2 max. Town and Golding's protocol uses only changes in percentage of grade to increase workload for the various stages. Consequently, subjects are required to walk at steep grades that can be uncomfortable and limiting to performance. In addition, a standard range of heart rate (HR) responses determines the choice of subsequent workloads, making the choice of workload independent of the subject's age. The current investigation incorporated 2 modifications to Town and Golding's protocol and evaluated the responses. First, changes in speed for 2 branches of the protocol and changes in percentage of grade were added as a means of increasing the workload. Second, a percentage of the age-predicted maximal heart rate (APMHR) was used to determine the subsequent workload rather than absolute values. This modification would ensure that subjects are physically exhausted to the same relative extent independent of age. The guidelines for setting workloads for the University of Louisville submaximal treadmill test are found in Figure 1 . The purpose of this study was to determine the reliability and validity 
Methods
Subjects
Thirty-seven, apparently healthy individuals (19 women and 18 men); volunteered to participate in the study. Subjects were required to sign an informed consent approved by the Human Studies Committee of the University of Louisville and obtain written clearance from a physician. In addition, subjects were required to complete a medical history form and a risk factor profile for heart disease. Each subject attended an orientation session at least 24 hours before the first test. During the orientation session, subjects walked on the treadmill at 2.7 mph and 2% grade for 3-5 minutes while breathing through a respiratory mouthpiece. The purpose of the orientation session was to familiarize the subject with walking on a treadmill without handrail support and breathing through the mouthpiece.
Exercise Testing
Each subject performed 2 maximal graded exercise treadmill tests at least 72 hours apart. Subjects were instructed not to exercise the day of testing or to eat or drink 2 hours before testing or consume alcohol 24 hours before testing.
Resting blood pressure, HR, and electrocardiographic measurements were taken in a standing position before each test. Heart rate was recorded with a Datascope M/D4 Monitor (Montvale, NJ) using a 3-lead (CM 5 ) system. A lightweight, plastic headgear and respiratory mouthpiece attached to a 2-way nonrebreathing valve (Hans-Rudolph Inc., Kansas City, MO) was fitted to the subject. Fractions of expired oxygen and carbon dioxide were determined by an S-3A oxygen analyzer (Applied Electrochemistry Inc., Pittsburgh, PA) and LB-2 carbon dioxide analyzer (Sensormedics Corp., Tampa, FL) that had been previously calibrated with known gases before each test. Calculation of V O 2 max was performed by a Rayfield REP-2000B system (Rayfield Equipment, Bridgeport, CT).
The graded exercise test to determine V O 2 max consisted of 2 parts: the submaximal treadmill test protocol outlined in Figure 1 followed by increasing workloads to exhaustion. Subjects were required to walk during the submaximal treadmill test but permitted to run for the second part. No handrail support was permitted throughout the testing protocol. Heart rate was recorded the last 15 seconds of each minute, and blood pressure was measured during the third minute of each stage. The APMHR was determined as 220 Ϫ age (7) .
As outlined in Figure 1 , the submaximal treadmill test consisted of walking on a treadmill at 2.7 mph and 2.0% grade (first workload) for 3 minutes. All subsequent stages lasted 3 minutes unless steady state was not achieved. To ensure steady state at each stage, subjects completed additional minutes at a given workload if the HR response of that workload was not within 6 b·min Ϫ1 during the second and third minutes. If the subject's HR response was less than 60%, 60-70%, or more than 70% of APMHR, the second workload was 2.7 mph at 5.5% grade, 3.2 mph at 6.0% grade, or 3.7 mph at 6.5% grade, respectively. If the subject's HR response was less than 75%, 75-80%, or more than 80% of APMHR, the grade was increased to 8.5%, 11.5%, or 13.5%, respectively. If the subject's HR response to the second workload was less than 110 b·min Ϫ1 , a fourth workload as outlined in Figure 1 was performed. If a subject's HR was 90% or more of APMHR after the first workload, the subject was required to perform only one additional workload. Exercise was terminated if a subject's HR was 90% of APMHR after the second workload. Only one subject was unable to complete the 3 stages, and this subject's data were excluded from the results.
Immediately on completion of the last workload of the submaximal treadmill test, the second part of the graded exercise test began. Initially, the speed of the treadmill was increased 0.5 mph above the speed at which the subject walked during their last workload of the submaximal test, and the grade was maintained for 2 minutes. Thereafter, the speed remained constant and grade was increased by 2.5% every 2 minutes until the subject could no longer continue. If the treadmill reached a grade where another 2.5% increase would bring the total grade to greater than 20%, the speed of the treadmill was increased 0.2 mph every 2 minutes until the subject could no longer continue. When the subject was exhausted, the treadmill speed and grade were decreased to 2.0 mph and 0% grade for active recovery.
Respiratory-metabolic results were collected at 30 second intervals within each stage. Failure to increase V O 2 by 150 ml·kg Ϫ1 ·min Ϫ1 with an increase in workload, a respiratory exchange ratio (RER) greater than * HR ϫ ϭ heart rate at workload ϫ; HR max ϭ maximum heart rate; mswkld ϫ ϭ measured V O 2 at workload ϫ; V E ϭ maximal ventilation; RER ϭ respiratory exchange ratio.
1.1, or maximum HR within 15 b·min
Ϫ1 of APMHR were the criteria used to define V O 2 max. All subjects tested satisfied 1 or more of these criteria.
Statistical Analyses
Seven subjects (1 woman and 6 men) were required to perform a fourth workload because they did not achieve a HR of more than 110 b·min Ϫ1 during the second workload. For these subjects, the results were normalized by shifting results for workloads 2, 3, and 4 to workloads 1, 2, and 3, respectively. Repeated-measures analysis of variance (ANOVA) and stepwise multiple linear regression were used to determine the protocol's reliability and validity (p Յ 0.05). Table 1 presents means Ϯ SEE and ranges for the characteristics of men and women. Metabolic responses reported represent the maximum attained on either test. As expected, men were significantly heavier and demonstrated a higher V O 2 max than women (p Ͻ 0.05). There were no other significant differences between the 2 subjects. Table 2 presents the means Ϯ SEE and ranges for variables measured during both maximal treadmill tests. The reliability of the protocol was confirmed through repeated-measures ANOVA. Results revealed no significant difference between V O 2 max measured during submaximal testing, and the 2 measures were highly correlated (r ϭ 0.96) (8) .
Results
One purpose of this research was to develop a simple and inexpensive submaximal treadmill protocol for the health and fitness professional that would provide reasonable estimates of V O 2 max. Thus, the V O 2 max was regressed on 4 nonlaboratory-based measures to determine the predictive validity of these measures (22) . This approach examined the contribution of percentage of APMHR achieved at stage 3 (percentage of APMHR-3), speed and grade at stage 3, and APMHR for predicting V O 2 max in the regression model. The correlation matrix for the independent and dependent variables is presented in Table 3 . The correlation matrix indicates that the independent variables were more closely associated with V O 2 max than each other, indicating multicollinearity concerns would be minimized.
The statistics of the full regression model and cross-validation subsamples for V O 2 max are presented in Table 4 . A scatterplot presenting predicted V O 2 max against measured V O 2 max is presented in Figure 2 . For the overall sample, the R 2 value indicated that 89% of the variance in V O 2 max was explained by a linear combination of percentage of APMHR-3, speed and grade at stage 3, and APMHR. The 4 predictor variables were statistically significant (p Ͻ 0.01) and the SEE was 4.56, indicating that cases used to calculate the regression equation were normally distributed in predicting V O 2 max. Based on the R 2 and the SEE, the regression model was observed to fit the data well (10) and was statistically significant (F ϭ 63.91, p Ͻ 0.01). 21 1.00 * APMHR ϭ age-predicted maximum heart rate; HR 3 ϭ heart rate at workload 3; RER ϭ respiratory exchange ratio. Furthermore, the proportion of variance not explained by the linear combination of the 4 predictors in the full model was only 11%. The t-test values revealed that the partial regression coefficients (␤) for each predictor were significant (p Ͻ 0.01). Overall regression analysis revealed that percentage of APMHR-3 explained 66% of the variance in V O 2 max and was the most significant predictor (␤ ϭ Ϫ0.50). The sign associated with percentage of APMHR-3 indicated that lower values predicted higher V O 2 max. Changes in R 2 for speed (⌬R 2 ϭ 0.16), grade (⌬R 2 ϭ 0.05), and APMHR (⌬R 2 ϭ 0.03) were significant (p Ͻ 0.01) and predicted an additional 24% of the variance in V O 2 max at each step of the analysis. The ␤ coefficients for speed at stage 3 (␤ ϭ 0.38), grade at stage 3 (␤ ϭ 0.28), and APMHR (␤ ϭ 0.18) were positively associated with V O 2 max and were significant (p Ͻ 0.01). Speed and grade combined to predict 21% of the variance in V O 2 max and were the second and third most influential predictors.
A cross-validation procedure was conducted and revealed consistent results with the overall regression analysis. As indicated in Table 4 , the cross-validation subsamples provided similar findings for R 2 and SEE in comparison with the overall regression analysis, indicating validity of the model developed. The consistency of the variance accounted for (R 2 ), the relative importance of each predictor (␤), and the SEE by the cross-validation subsamples contribute to the validity of the model developed. Moreover, the utility of the regression equation is indicated by the large R 2 values in the smaller subsamples.
The assumptions of multiple linear regression were tested through residuals, scatterplot, and partial regression plot examinations. The residuals were observed not to deviate from a normal distribution, were constant in variance, and were not correlated with the independent variables. The extent of colinearity was assessed through examination of the tolerance and variance inflation factor statistics. This analysis revealed that none of the independent variables extracted for the regression model were linear combinations of the other independent variables.
The predictive validity of the University of Louisville submaximal treadmill protocol was also determined by regression of V O 2 max on 2 laboratory-based measurements. These measurements were RER and calculated oxygen pulse (measured V O 2 /HR). The performance of our nonlaboratory-based measures to predict V O 2 max was compared with the performance on the laboratory-based measures (i.e., an independent criterion of RER and oxygen pulse). This independent criterion for predicting V O 2 max has been well established in the literature and provides a procedure to assess validity of our new protocol. Concurrent validity is established when researchers gather data (branching protocol) and criterion data (laboratorybased measures) at the same time and the results are then compared to obtain evidence of concurrent validity. Our results showed that the 2 models were highly related (nonlaboratory based: R 2 ϭ 0.89 and SEE ϭ 4.56; laboratory based R 2 ϭ 0.84 and SEE ϭ 5.53). The correlation matrix for the independent and dependent variables is presented in Table 3 . The correlation matrix indicates that the independent variables were more closely associated with V O 2 max than each other, again indicating in a manner similar to the non-laboratorybased measures that multicollinearity concerns would be minimized. Stepwise multiple regression analysis revealed that oxygen pulse (␤ ϭ 0.88) and RER (␤ ϭ Ϫ0.27) predicted 84% (R 2 ϭ 0.84) of the variance in V O 2 max. Oxygen pulse was observed as the most significant predictor (R 2 ϭ 0.77) followed by RER (⌬R 2 ϭ 0.07). The SE of 5.35 ml·kg Ϫ1 ·min Ϫ1 was within the range reported in previous studies as outlined in Table 5 .
These collective findings of the consistency of the cross-validation procedure, observed ability of 2 commonly used laboratory-based measurements to explain substantial amounts of variance in V O 2 max, a low SEE, and comparisons with previous studies provide preliminary support for the validity of the University of Louisville submaximal treadmill protocol.
Discussion
The primary purpose of this study was to determine the reliability and validity of a branching treadmill protocol in predicting V O 2 max. A secondary purpose was to develop a simple and inexpensive submaximal treadmill protocol that would provide reasonable estimates of V O 2 max. Results of the present study provide preliminary evidence for the use of nonlaboratory-based measures to estimate V O 2 max. When V O 2 max was regressed on percentage of APMHR-3, speed and grade at stage 3, and APMHR, these measures accounted for an additional 5% of variance compared with V O 2 max regressed on oxygen pulse and RER. Cross-validation subsamples provided similar R 2 and SEE values, supporting the validity of the regression analysis. In addition, the similarity in prediction between the laboratory-based (R 2 ϭ 0.84 and SEE ϭ 5.35) and nonlaboratory-based (R 2 ϭ 0.89 and SEE ϭ 4.65) regression models suggests that health and fitness professionals can incorporate this protocol to predict V O 2 max for their clients outside the laboratory environment.
In comparison to other submaximal treadmill tests (Table 5 ), the present test provides a comparable estimate of V O 2 max without sacrificing SEE. Furthermore, the current protocol and regression equation overcomes several of the limitations of previously proposed models. Metz and Alexander (15) report a multiple R of 0.70 and SEE of Ϯ3.123 ml·kg Ϫ1 ·min Ϫ1 for their submaximal treadmill test. A limitation of their protocol is that direct measurement of expired gases is needed to predict V O 2 max, a major drawback to estimating V O 2 max in many applied or nonlaboratory settings. Another limitation of this submaximal treadmill test is the subject population studied was 12-to 13-year-old boys. Therefore, their regression equation (24) include the use of only changes in percentage of grade to increase workload for the various stages and an absolute HR response to determine subsequent workloads. The current investigation used changes in speed for 2 branches of the protocol and changes in percentage of grade to increase the workload and a percentage of APMHR to determine the subsequent workload rather than absolute values.
In conclusion, although submaximal tests, including the present test, are not totally accurate, the purpose of such tests is achieved in that a fair estimate of V O 2 max is accomplished (26) . Fox (5) has stated that errors similar to the level found for most submaximal tests were accurate enough for the purpose of classifying an individual's fitness level according to standard values (6). Pollock et al. (19) point out that a reasonable estimate of V O 2 max provides a health and fitness practitioner with prudent information to make decisions regarding exercise recommendations and health management for an individual.
Limitations of the current investigation include the relatively small sample size, although the similarity of cross-validation results indicates the validity of the model. Another limitation is the fact that only subjects between the ages of 18 and 43 years were tested, limiting the ability to generalize the findings. Another potential limitation is the fitness of the men tested. Nearly all of the men performed the branch associated with the highest speed. This finding may also limit the ability to generalize the findings. Table 6 presents a sample calculation using the University of Louisville submaximal treadmill protocol. The measured V O 2 max for this subject was 27.11 ml·kg Ϫ1 ·min Ϫ1 , a difference of 2.14 ml·kg Ϫ1 ·min Ϫ1 from the calculated value. This table indicates the simplicity of estimating V O 2 max for the health and fitness professional using this protocol.
Practical Applications
